Background-Previously, we have shown that magnesium supplemented potassium (DSA) cardioplegia and DSA containing diazoxide (DSA+DZX) significantly decrease apoptosis after ischemia. The mechanism for this enhanced cardioprotection was unknown, but we believed that alterations in signal transducers and activators of transcription (STATs) may play a role. To investigate this hypothesis, we examined the effects of DSA and DSA+DZX cardioplegia on STAT1/3 phosphorylation and DNA binding in the in situ blood perfused pig heart model.
antiapoptotic responses [1] [2] [3] [4] [5] . Whether these pathways are involved in the modulation of apoptosis in a clinically relevant blood perfused heart model of ischemia and reperfusion was unknown.
In previous studies, we have shown that magnesium supplemented potassium (DSA) cardioplegia significantly decreases apoptosis after ischemia [8, 9] . We have also shown that the mitochondrial adenosine triphosphate (ATP)-sensitive potassium (mitoK ATP ) channels play an important role in the cardioprotection afforded by DSA cardioplegia and that the early or enhanced opening of the mitoK ATP channels with the addition of diazoxide to DSA cardioplegia (DSA+DZX) significantly decreases apoptosis as compared with DSA cardioplegia alone [8, 9] . In the present study, we investigate the effects of ischemia and reperfusion and DSA and DSA+DZX cardioplegia on STAT1 and STAT 3 phosphorylation and DNA binding by extending our previous studies in the in situ blood-perfused pig heart model of acute myocardial infarction [8, 9] .
Material and Methods

Animals
Animals were housed individually and provided with laboratory chow and water ab libitum. All experiments were approved by the Beth Israel Deaconess Medical Center Animal Care and Use Committee and the Harvard Medical Area Standing Committee on Animals and conformed to the US National Institutes of Health guide-lines regulating the care and use of laboratory animals (NIH publication 1996) .
Surgical Preparation
Yorkshire pigs of either sex (32 to 42 kg, n = 15) were sedated with ketamine hydrochloride (20 mg/kg, intramuscularly; Abbott Laboratories, North Chicago, IL), and anesthetized with a bolus infusion of thiopental sodium, 5.0 to 7.0 mg/kg intravenously (Baxter Healthcare Corporation, Deerfield, IL), through an ear vein. Surgical preparation (sternotomy, tracheotomy, cannulation) were performed as previously described [8, 9] . General anesthesia was induced (3%) and maintained (1%) with sevoflurane (Ultane; Abbott Laboratories). During cardiopulmonary bypass (CPB), propofol, 0.5 to 0.7 mg/kg/min intravenously (Baxter Healthcare Corporation), was continuously infused through the jugular vein. Heparin sodium, 5,000 IU intravenously, and 1% lidocaine, 5 mL intravenously (both Elkins-Sinn, Cherry Hill, NJ) were given before sternotomy. Heparin was administered at the same dose every 30 minutes to the end of the experiment.
Cardiopulmonary bypass and regional ischemia were performed as previously described [Fig 1; 8, 9 ]. Immediately after 30 minutes of regional ischemia, the ascending aorta was crossclamped and 4°C cardioplegia was administered antegrade through the aortic root using a cardioplegia needle (9F AR II aortic root cannula; Medtronics DLP, Grand Rapids, MI). The DSA hearts (n = 6) received 4°C blood cardioplegia (10 mL/kg). The DSA+DZX hearts (n = 6) received DSA cardioplegia containing diazoxide (50 μM). Diazoxide was dissolved in dimethyl sulfoxide (DMSO; Fisher Scientific, Fair Lawn, NJ) before being added to DSA. The DMSO was added as vehicle sham to DSA cardioplegia (final concentration less than 0.1%). At 15 minutes of global ischemia, an additional 5 mL/kg of DSA cardioplegia without diazoxide was readministered in both groups [8] . All hearts received topical hypothermia during global ischemia [8] . After 30 minutes of hypothermic global ischemia, the cross clamp and the snare from the LAD were released, the ice packing was removed and the hearts were kept on total CPB for 120 minutes of reperfusion. Control hearts (n = 3) received cardiopulmonary bypass and sham reperfusion only.
Tissue Samples
Immediately after 120 minutes of reperfusion myocardial tissue samples (approximately 15 mm × 30 mm each) from the area at risk (regional ischemic zone, 6 samples) and nonischemic area of left ventricle (global ischemic zone, 6 samples) consisting of epicardial, myocardial, and endocardial tissue were harvested separately, flash frozen, and then stored in liquid nitrogen before analysis.
Western Blot Analysis
Nuclear protein extracts were isolated from pooled heart tissue (n = 6 for each group of hearts) as previously described [9] [10] [11] . Protein concentration was determined by BCA (bicinchoninic acid) protein assay reagent (Pierce, Rockford, IL). Nuclear protein (20 μg) was separated by 6% SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes as previously described [11] . Efficiency of protein transfer was confirmed by Ponceau S staining [9, 11] . Blots were incubated with appropriate primary antibodies (1:200 dilution), washed and incubated with appropriate secondary antibodies (1:2000) , and detected using ECL Plus detection system (Amersham Pharmacia Biotech, Piscataway, NJ), as previously described [9, 11] . Semiquantitative analysis of Western blots was performed using an LKB Ultrascan XL laser densitometer (Pharmacia LKB, Piscataway, NJ). The integrals for each blot were calculated using the LKB GelScan XL software program for 1-D analysis (Pharmacia LKB).
Electrophoretic Mobility Shift Assay
The STAT1/3 DNA binding was determined using sis-inducible element (SIE) consensus oligonucleotides (Santa Cruz Biotechnology, Santa Cruz, CA) end-labeled with T 4 polynucleotide kinase (New England BioLabs, Beverly, MA) and [γ-32 P] ATP (Amersham Biosciences, Piscataway, NJ) [12] . The labeled SIE oligonucleotides were purified with ProbeQuant G-50 columns (Amersham Biosciences). Electrophoretic mobility shift assay (EMSA) was performed as previously described [12] .
In brief, nuclear protein (10 μg) was incubated for 30 minutes at room temperature in a reaction mixture containing the following: 20 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.9), 50 mM KCl, 5 mM MgCl 2 , 1 mM EDTA (ethylenediaminetetraacetic acid, pH 8.0), 1 mM DTT (dithiothreitol), 12.5% glycerol, 1 μg poly(deoxy-inosine, deoxy-cytosine [Santa Cruz Biotechnology]), and 100,000 cpm labeled SIE oligonucleotides [12, 13] . For competition experiments, a 100-fold molar excess of unlabeled (cold) SIE oligonucleotides was added to the reaction mixture. Supershift experiments were performed as above but with the addition of 2 μg anti-STAT3 (Cell Signaling Technology) to the reaction mixture. The DNA(SIE)-protein complexes were separated by 4% native poly-acrylamide gel electrophoresis for 2 hours at 35 mA.
To resolve STAT1/3 hetero-, homo-dimers, a separate set of gels was run for 6 hours at 35 mA, as described by Zhong and coworkers [13] . Autoradiography was performed for 12 hours at −80°C using intensifying screens.
Statistical Analysis
The mean ± SEM is shown for all variables. Statistical significance was determined by a mixed models analysis of variance (MM-ANOVA), which allows for both fixed and random effects and allows for more than one observation per animal (regional and global). In the analysis, when more than one observation was used from an animal both the site of ischemia (regional or global) was treated as a repeated measurement and the specific animal was incorporated as a random effect. All analyses were done in SAS for Windows, release 8.02 (SAS Institute, Cary, NC). Post hoc comparisons were made using a Bonferroni correction.
Results
Effects of DSA and DSA+DZX Cardioplegia on Total STAT1/3
Total STAT1 and STAT3 levels were significantly decreased in both regional and global ischemic zones as compared with control (p < 0.0001 for each; Fig 2) . There was no significant difference in STAT 1 or STAT3 levels between regional and global ischemic zones (p = 0.6525 and p = 0.7427, respectively).
Effects of DSA and DSA+DZX Cardioplegia on Serine Phosphorylation of STAT1/3
Serine phosphorylation of nuclear STAT1 and STAT3 (pSer-STAT1, pSer-STAT3) was evident in Control hearts. There was no significant difference in pSer-STAT3 levels within or between control, DSA, and DSA+DZX hearts (p = 0.7073; Figs 2 and 3).
The pSer-STAT1 levels were significantly decreased in both regional and global ischemic zones in both DSA and DSA+DZX hearts as compared with control (p < 0.0001; Figs 2 and 3). There was no significant difference in pSer-STAT 1 levels between DSA and DSA+DZX hearts in the global and regional ischemic zones (p = 0.9825; Figs 2 and 3).
Effects of DSA and DSA+DZX Cardioplegia on Tyrosine Phosphorylation of STAT1/3
There was no detectable tyrosine phosphorylation of proapoptotic STAT1 (pTyr-STAT1) or antiapoptotic STAT3 (pTyr-STAT3) in Control hearts receiving cardiopulmonary bypass and sham reperfusion (Figs 2 and 3) . However, in DSA and DSA+DZX hearts that received cardiopulmonary bypass and ischemia and reperfusion, pTyr-STAT1 and pTyr-STAT3 were detectable in both the regional and global ischemic zones (Figs 2 and 3 ).
Proapoptotic pTyr-STAT1 levels were significantly increased in regional as compared with global ischemic zones in both DSA and DSA+DZX hearts (p = 0.0047; Figs 2 and 3).There was no significant difference in proapoptotic pTyr-STAT1 between DSA and DSA+DZX hearts within the regional or within the global ischemic zones (Fig 3) .
Antiapoptotic pTyr-STAT3 levels were significantly increased in the global ischemic zones in both DSA and DSA+DZX hearts and in the regional ischemic zone in DSA+DZX hearts (Figs 2 and 3 ). No significant difference in antiapoptotic pTyr-STAT3 levels were observed between DSA and DSA+DZX in the global ischemic zone (p = 0.1161) and DSA+DZX in the regional ischemic zone (p = 0.0516; Figs 2 and 3). However, in the regional ischemic zone, antiapoptotic pTyr-STAT3 levels were significantly decreased in DSA as compared with DSA+DZX (p < 0.0001) and were significantly decreased as compared with DSA and DSA+DZX in the global ischemic zones (p < 0.0001; Figs 2 and 3).
Effects of DSA and DSA+DZX Cardioplegia on DNA Binding of STAT1/3
There was no detectable STAT1 or STAT3 DNA-binding in control hearts (Fig 4A, lane 2 , 4B, lane 2). Control samples showed no detectable DNA binding bands for STAT1/STAT1, STAT1/STAT3, or STAT3/STAT3 (Fig 4A, lane 2, 4B, lane 2) .
Binding bands for STAT1/STAT1, STAT1/STAT3, and STAT3/STAT3 DNA were detected for both DSA and DSA+DZX hearts in both regional and global ischemia zones (Fig 4B, lanes 3 to 6) . There was decreased signal intensity for the STAT3/STAT3 DNA binding in the regional ischemic zone of DSA hearts (Fig 4B, lane 3) .
The specificity of STAT1/STAT1, STAT1/STAT3, and STAT3/STAT3 DNA binding was confirmed by antibody supershift assay. The migration of STAT3/STAT3 and STAT1/ STAT3 DNA binding bands in both regional and global ischemia zones was retarded by the addition of anti-STAT3 antibody (Fig 4B, lanes 7, 9) . There was no retardation of the STAT1/STAT1 DNA binding band with the addition of anti-STAT3 antibody (Fig 4B, lanes  7, 9) .
Confirmation of the DNA binding of STAT1/STAT1, STAT1/STAT3, and STAT3/STAT3 was obtained through the addition of a 100-fold molar excess of unlabeled (cold) SIE oligonucleotides to compete-out binding to labeled SIE. No detectable DNA binding bands were observed for either DSA or DSA+DZX in either the regional or global ischemia zones in the presence of 100-fold molar excess cold SIE (Fig 4A, lane 7, 4B, lanes 8, 10) .
To confirm that the significantly increased antiapoptotic pTyr-STAT3 levels with DSA +DZX cardioplegia in the regional ischemic zone were associated with increased DNA binding, a competitive EMSA using admixtures of DSA and DSA+DZX nuclear proteins was performed (Fig 5A, B) . Our results show there was a significant increase in STAT3/ STAT3 DNA binding in DSA+DZX (Fig 5, lane 4) as compared with DSA (p = 0.0090; Fig  5, lane 1) . The admixtures of DSA+DZX (5 and 7.5 μg nuclear protein, respectively) to DSA (5 and 2.5 μg nuclear protein, respectively) significantly increased STAT1/STAT3 and STAT3/STAT3 DNA binding (Fig 5 lanes 2, 3; Fig 5B) . There was no significant difference in STAT1/STAT1 DNA binding between DSA and DSA+DZX hearts at any admixture ( Fig  5A, lanes 1 to 4; Fig 5B) .
Comment
Previously, we have shown that DSA+DZX cardioplegia significantly decreases mitochondrial regulated (intrinsic) apoptosis as compared with DSA cardioplegia alone [9] . The mechanism for this enhanced cardioprotection was unknown but we believed, based on earlier work, that alterations in signal transducers and activators of transcription may play a role [9, 14] . To further investigate this hypothesis, we have examined the effects of DSA and DSA+DZX cardioplegia on STAT1/3 serine and tyrosine phosphorylation and DNA binding.
Previous studies have shown that tyrosine phosphorylation of STATs is essential for dimerization and translocation into the nucleus to allow for DNA binding [6, 7] . Current models suggest that when there is no tyrosine phosphorylation, as in the case of our control groups, no nuclear translocation or DNA binding is observed. However; it has been shown that unphosphorylated STAT1 and STAT3 can bind to DNA transcription factors and modulate selective constitutive gene expression in oncogenesis [15, 16] . The mechanism for this regulation is novel and is due either to the direct effect of STAT binding to specific promoters or through the associative indirect activation of unrelated genes [16] . It has also been suggested that the STAT's could be activated by mechanisms other than phosphorylation; however, further research is required to establish this as a regulatory mechanism.
In our model, there is no detectable tyrosine phosphorylation of either STAT1 or STAT3 in control hearts (no ischemia; Figs 2, 3), and there is no detectable STAT1 or STAT3 DNA binding bands (Fig 4) . It should be noted that this is an experimental model and specific binding to the SIE element only was assayed.
The role of serine phosphorylation of STAT1/3 is unknown. There is currently no evidence to indicate that serine phosphorylation has any effect on the nuclear translocation of STAT1/3, or on nuclear DNA binding. However, some data are available to show that increased serine phosphorylation of STAT1 is associate with increased interferon-gamma transcription factor activity [17] . It has been proposed that serine phosphorylation of STAT1/3 acts in coordination with tyrosine phosphorylation to allow signal transduction, either by direct DNA binding or possibly through an unidentified cofactor [17] .
Our results show that there is no significant difference in serine phosphorylation of STAT3 within or between any group (Figs 2 and 3) . Our results also show that while there is a significant decrease in serine phosphorylation of STAT1 with global and regional ischemia there are no significant differences within or between regional and global ischemia groups (Figs 2 and 3) . These data do not provide any mechanistic link for serine phosphorylation for either STAT1 or STAT3 in the modulation of apoptosis.
Our studies do show changes in tyrosine phosphorylation of STAT1/3 with DSA and DSA +DZX cardioplegia STAT1 and STAT3 tyrosine phosphorylation has been previously shown to be associated with the modulation of apoptosis. Increased STAT1 tyrosine phosphorylation and DNA binding has been associated with proapoptotic responses. Previous studies have shown that STAT1-deficient mice develop spontaneous and chemically induced tumors more rapidly than wild-type mice and that STAT-1-deficient cells are more resistant to agents that induce apoptosis [2, 18] . It has also been shown that STAT1 modulates cardiac myocyte apoptosis after simulated ischemia and reperfusion [3, 4] . In contrast, depletion of STAT-3 has been shown to abolish the cardioprotection afforded by preconditioning [19] .
Our data show that STAT1 tyrosine phosphorylation is significantly increased in the regional ischemic zone as compared with the global ischemic zone in both DSA and DSA +DZX hearts (Figs 2, 3) . That would imply that the levels of apoptosis should increase in the regional as compared with the global ischemic zone and that this increase would be similar in both DSA and DSA+DZX cardioplegia hearts. However, our earlier studies have shown that DSA+DZX significantly decreases apoptosis in the regional ischemic zone as compared with DSA [9] .The mechanism for this can be explained by the differential response in antiapoptotic STAT3 tyrosine phosphorylation and DNA binding to DSA+DZX cardioplegia.
Our results show that tyrosine phosphorylation of STAT3 is significantly increased in the regional ischemic zone with DSA+DZX and is associated with significantly decreased apoptosis as compared with DSA [9] . These data suggest that apoptosis may be the result of a shifting of the balance between proapoptotic and antiapoptotic levels.
We speculate that ischemia induces an increase in proapoptotic STAT1 levels that increases apoptosis. With DSA cardioplegia antiapoptotic STAT3 levels are significantly decreased in the regional as compared with the global ischemic zone. This differential leads to a shift in balance towards the induction of apoptosis by proapoptotic STAT1. In DSA+DZX cardioplegia, however, there is a significant increase in antiapoptotic STAT3 levels as compared with DSA such that no difference between regional and global ischemic zones is observed. The increased antiapoptotic STAT3 levels shift the balance from proapoptosis as seen in DSA hearts to antiapoptosis in DSA+DZX hearts and decrease apoptosis.
The mechanism through which the opening of mitoK ATP channels with diazoxide significantly increases antiapoptotic pTyr-STAT3 levels and DNA binding remains to be fully elucidated. In previous reports we have speculated that the preservation of mitochondrial structure and function by DSA+DZX cardioplegia plays an important role in the modulation of ischemia/reperfusion injury [8, 9] . Our data have also demonstrated that apoptosis occurs via the mitochondrial regulated intrinsic apoptosis pathway and involves changes in the bax/bcl2 ratio [8, 9] . It has been shown that STAT3 activates bcl2 expression [20] . This activation would be expected to alter the ratio of proapoptotic bax to antiapoptotic bcl2 and would be expected to decrease apoptosis, as we have shown in our model.
It is possible that cofactors may be involved. Previous reports have shown that c-Jun interacts with STAT3 and enhances STAT3 DNA-binding [19] [20] [21] [22] [23] . In this report, we attempted to examine whether c-Jun interacts with STAT3 in our model by coimmunoprecipitation with anti-STAT3 antibodies followed by Western blot analysis with anti-c-Jun antibodies. However, we failed to detect c-Jun in the STAT3 coprecipitates (data not shown), indicating that if alternative cofactors are involved further research and better antibodies will be needed for identification.
In this paper, we have extended our earlier observations using the clinically relevant in situ blood perfused heart model of acute myocardial infarction [8, 9] . This model allows for the investigation of regional ischemic injury similar to that observed in the patient under conditions which more closely approximate those experienced during surgery. In this model, a region of the leftventricle is made ischemic by ligation of a portion of the left anterior descending artery. Cardioplegic arrest and cross-clamping occurs resulting in global ischemia and then the snare and the crossclamp are released after bypass and the heart is reperfused for 120 minutes.
Our model is a large-animal model and is clinically relevant; however, the usual caveats regarding direct relevance to humans must be considered. We readminister cardioplegia every 15 minutes, as this is our standard clinical practice. The length of ischemia was based on our previous studies showing it allows for effective comparative analysis [8, 9] . Diazoxide was included only in the first administration of cardioplegia as diazoxide has a long half life and binds to hemoglobin, and added administration of cardioplegia containing diazoxide was found to significantly decrease mean arterial pressure [8, 9] .
The role of hypothermia in the prevention of apoptosis has been previously reviewed, and it has been shown that mild hypothermia is somewhat protective while deep hypothermia increases apoptosis [24] . In our model we administer cold 4°C cardioplegia. No attempt at modulation of temperature beyond these limits has been performed. We speculate that deep hypothermia may decrease transcription and thus decrease the antiapoptotic effects of STAT modulation; however, further studies are needed to support this hypothesis.
In conclusion, our data indicate that STAT1 tyrosine phosphorylation and DNA binding are associated with increased apoptosis. The addition of diazoxide to DSA cardioplegia modulates apoptosis by significantly increasing tyrosine phosphorylation of STAT3 and its DNA binding, and represents an additional modality for enhancing myocardial protection. Our work also raises an interest that the STAT3 signaling pathway can be targeted to stimulate protective process attenuating ischemia/reperfusion injury. Experimental schema of acute myocardial infarct model in the in situ pig heart. Pigs were cannulated placed on cardiopulmonary bypass. After 30 minutes of stabilization, hearts were subjected to regional ischemia by snaring of the distal portion of the left anterior descending artery (LAD). Immediately after 30 minutes of normothermic regional ischemia, the aorta was cross-clamped, and cold blood magnesium supplemented potassium (DSA) cardioplegia or DSA with the addition of 50 μMol/L diazoxide (DSA+DZX) was administered through the aortic root. The hearts were then subjected to hypothermic global ischemia. After 30 minutes of hypothermic global ischemia, the cross clamp and the snare were released and the hearts reperfused for 120 minutes. Tissue samples from the regional ischemia and global ischemia zones were obtained and quick frozen in liquid nitrogen before isolation of nuclear proteins. Representative Western blots of nuclear protein signal transducers and activators of transcription (STATs) STAT1, STAT3, and tyrosine (pTyr)and serine (pSer) phosphorylation levels in control, magnesium supplemented potassium (DSA) and DSA plus diazoxide (DSA+DZX) hearts. Control hearts were subjected to sham regional and global ischemia. Regional ischemia and global ischemia zones are indicated. Molecular mass is shown for each gel. Semiquantitative analysis of Western blot signal transducers and activators of transcription (STATs) STAT1, STAT3, tyrosine (pTyr), and serine (pSer) phosphorylation levels. All results are shown as the mean ± SEM for n = 6 separate blots. Densitometry is shown in arbitrary units. Significant differences between groups are shown in bold type. Significant difference at p < 0.0001 versus regional and global ischemic zones is indicated by an asterisk (*). 
